Helicobacter pylori; gastric epithelium; apical acidity THE NORMAL ACID-SECRETING STOMACH of ϳ50% of the world's population is colonized by Helicobacter pylori, leading to gastritis, peptic and duodenal ulcers, gastric carcinoma, and MALT (mucosa-associated lymphoid tissue) lymphoma (9, 47, 51, 52, 65) . Initial infection often occurs early in life and typically persists throughout life without treatment (37) . Infection always causes inflammation, in the form of a chronic, active gastritis, which can be asymptomatic (44) . A small percentage of those infected develop more advanced disease, associated with significant morbidity and mortality. H. pylori infection is the most common cause of ulcer disease and gastric cancer (21, 65) . Gastric cancer is the fourth most common cancer and the second most common cause of cancer death (25) . The mechanism of progression from bacterial infection to advanced disease is not definitively known, underscoring the importance of studying the interactions between bacteria and host.
H. pylori, a neutralophile, is able to survive and grow in the acidic gastric environment via a novel mechanism of acid acclimation (42) , in which the periplasmic pH is maintained near neutrality. This uniquely allows for maintenance of cytoplasmic pH at a level appropriate for survival and growth of a neutralophile without the need for large-scale pH change of the environment (42, 57, 70, 71) . The gastric lumen in normal acid-secreting humans has a median daily pH of 1.4, with elevations to pH ϳ4.0 after meals due to the buffering action of food (66) . Despite this extreme acidity, it was assumed that the gastric surface pH is closer to neutral due to a pH gradient or barrier through the mucous layer (15) . More recent work suggests that the site of H. pylori infection is actually acidic. In a mouse model, H. pylori infection resulted in a thinner mucous layer, inhibited the accumulation of mucus, inhibited the increase in mucosal blood flow in response to acid, and abolished the putative pH gradient at the mucous layer. Inhibition of bicarbonate transport may play a role in these infection-associated changes (30) . Studies using pH-sensitive fluorescent probes and confocal microscopy showed a surface pH of ϳ4.0 in the mouse stomach (6) . Analysis of the transcriptome of H. pylori infecting the gerbil stomach showed that the organism lives in an acidic environment, since most of the acid acclimation genes are upregulated to a greater extent than in vitro at pH 4.5 (58) . Comparison of the in vivo (gerbil) and in vitro transcriptome data suggests a pH of Յ4.5 at the site of infection and is consistent with the above-mentioned measurements of gastric surface pH, either with fluorescent probes or pH microelectrodes in the infected mouse stomach (6, 30) . Gastric acidity is clearly a critical component of the gastric environment and H. pylori pathogenesis.
The gastric epithelium is designed to withstand acidity. Gastric ulcers do not develop spontaneously in the normal acid-secreting stomach; acidity is required, but not sufficient, for ulcer development (68) . A breech in the gastric epithelial barrier can lead to exposure of the underlying serosa to acid, causing tissue damage and ulceration (68) . The epithelial barrier is maintained by the adherens junctions, which mechanically link neighboring cells, and the tight junctions, which impede paracellular permeability/diffusion of solutes (28) . The degree of epithelial "tightness" depends on the physiological role of a particular tissue or organ. Within the gastrointestinal tract, low paracellular permeability is seen in the distal colon, which allows for NaCl and water reabsorption against a con-centration gradient. Conversely, higher paracellular permeability in the small intestinal epithelium allows bulk movement of fluids (2) . The esophageal epithelium, which is not normally exposed to low pH, is injured by acid exposure. Epithelial integrity is compromised in esophageal epithelium exposed to varying degrees of acidity (24) , suggesting that the normal gastric epithelium would need appropriate defense mechanisms to prevent the effects of acid. The gastric epithelium is considered a "tight" epithelium, with relatively low permeability to water and solutes (4) , which fits with the need to protect underlying tissue from proton leak. Measurable resistance across gastric cell layers is more accurate and yields higher values when measurements are adjusted to account for the true extensive apical surface area (19) .
Cell junctions are dynamic structures, with changes possible at the protein level, a property important for regulation of permeability and signaling (63) . It has been suggested that H. pylori impacts epithelial integrity (39) , although the mechanism is unclear, and there is no prior documentation of an in vitro model system using true gastric epithelial cells, physiological pH values, and physiological urea concentrations. H. pylori tends to cluster at cell junctions (29, 64) , suggesting a potential mechanism for epithelial disruption via interference with the link between cells. In nongastric cell models, tight junction proteins redistribute and traffic to sites of bacterial attachment (1) . The H. pylori virulence factor CagA has been shown to interfere with the cell junctions via interaction with zonula occludens-1 (ZO-1) and junctional adhesion molecule (1), but other bacterial factors could also be involved, since cagA-negative strains are also highly correlated with gastric ulcers and cancer in certain parts of the world (22) .
Commonly used gastric cell lines are derived from gastric cancers and do not possess the characteristics of a true epithelium. For example, AGS cells will form a monolayer in culture but do not form tight junctions (3, 5, 34) . This correlates well with the observation that many gastric cancers are associated with decreased cell junction formation (54) . NCI-N87 cells, derived from a human differentiated gastric carcinoma, have shown promise as a tissue culture model of a true gastric epithelium, with uniform expression of E-cadherin and ZO-1 at confluence (5, 11, 32) . This cell line has been used in coculture experiments with H. pylori, although published studies do not reference concurrent exposure to acidity (8, 16, 26, 33, 36, 56, 60) . A problem with the NCI-N87 cell line is the formation of distinct cellular phenotypes within single cultures. The cell line has been successfully subcloned, leading to the development of human gastric epithelial (HGE) cells, including the HGE-20 cell line (11) . This cell line expresses ZO-1 at the edges of all cells, even prior to confluence, generates a transepithelial electrical resistance (TEER) once confluent, and expresses gastric zymogens and mucins at levels and in combinations consistent with in vivo studies of gastric cells (11) . They respond to growth factors associated with cell proliferation and migration (TGF␣/EGF) and demonstrate wound-healing properties (11) . On the basis of these properties, the HGE-20 cell line was chosen as the model system for this study.
The aim of this study was to determine the effect of apical acid and H. pylori infection on epithelial integrity and cytokine release using a gastric-specific in vitro model system. The hypothesis was that H. pylori infection impairs a protective response of gastric epithelial cells to apical acidity. This study shows that the HGE-20 cell monolayer responds to acidic pH with increased TEER and decreased paracellular permeability. The ability of the cell layer to mount this response to acidity is compromised by the addition of H. pylori in coculture, an effect that is partially dependent on urease activity. Acidic pH and H. pylori coculture impact the epithelial inflammatory response by altering the levels of IL-6 and IL-8 release. Determination of the interplay between H. pylori and the gastric epithelium in the physiological setting of apical acidity may provide insight into advanced disease caused by H. pylori infection.
MATERIALS AND METHODS
Bacterial strains and culture conditions. H. pylori strain ATCC 43504 was used for most experiments, unless indicated otherwise. This strain is vacA-and cagA-positive and has an intact Cag pathogenicity island, with expression of all the components needed for type IV secretion of the CagA protein (41, 53, 72) . A nonpolar ATCC 43504 ureB (HP0072) deletion mutant (⌬ureB) was constructed by allelic exchange, as summarized below. Bacteria were grown under microaerobic (5% O 2-10% CO2-85% N2) conditions on trypticase soy agar plates supplemented with 5% sheep blood (GIBCO) or in brain heart infusion medium (Difco) supplemented with 7% horse serum (GIBCO) and 0.25% yeast extract (Difco). Bacteria in medium were grown in the presence of Dent selective supplement (Oxoid), and the ⌬ureB was grown with 20 g/ml kanamycin (Sigma). H. pylori strain 69a containing green fluorescent protein (GFP) was obtained from Dr. Reiner Haas (31) and grown in the presence of 20 g/ml chloramphenicol. The GFP gene in this strain is located on a plasmid, not inserted into the chromosome.
Construction of the ⌬ureB strain. A genomic knockout of ureB was constructed by homologous recombination, with replacement of the ureB gene by the kanamycin cassette. pBluescript (Stratagene) containing a kanamycin resistance gene in the multicloning site flanked by SalI (5=) and BglII (3=) was used to generate the knockout plasmid. Primers were designed to flank the regions ϳ600 bp upstream from the 5= end of the gene and 400 bp downstream from the 3= end. The 600-bp upstream segment was amplified with a 5= primer containing a site for digestion by XbaI (5=-gcttaactatctagaagcggtagctttgattagtgc-3=) and a 3= primer containing a site for digestion by SalI (5=-ctgctaatcgtcgacatttcttactccttaattg-3=). The 400-bp downstream segment was amplified with a 5= primer containing a site for digestion by BglII (5=-gcattttctaagatcttttaggagcaacgctccttaaatcc-3=) and a 3= primer containing a site for digestion by Acc65I (5=-ctagtcaaatggtaccatacttgagcaatatcttcagcac-3=). The purified PCR products were sequentially ligated into pBluescript around the kanamycin resistance gene. The construct was introduced into H. pylori strain ATCC 43504 by natural transformation, and colonies were selected in the presence of 40 g/ml kanamycin. The higher kanamycin concentration was used only for selection; subsequent culture conditions were as described above. Knockouts were confirmed by a series of PCRs, and presence/ expression of ureA, ureI, and ureE was confirmed by RT-PCR and Western blotting.
Construction of E. coli-expressing GFP. E. coli strain Top10 (Invitrogen) was transformed with pH-sensitive GFP (pEGFP, Clontech) using electroporation (800 ⍀, 1.5 kV, 25 F) and selected in the presence of 100 g/ml ampicillin. Expression and function of fluorescence were confirmed with a fluorometer (Fluorolog, Jobin Yvon Hariba) and by confocal microscopy.
Cell culture. HGE-20 cells, a derivative of the NCI-N87 gastric carcinoma cell line (11) , were provided by Dr. Daniel Mènard. Cells were grown in 50:50 DMEM (CellGro Mediatech)-Ham's F-12 medium (Invitrogen) with 10% FBS (Altana) and 100 U/ml penicillin-0.1 mg/ml streptomycin (Sigma) in tissue culture flasks until subconfluent. Cells were then plated on 24-mm-diameter, 0.4-m pore size Transwell inserts in six-well plates (Corning Costar). Once confluent, TEER was checked using an EndOhm chamber and a voltohmmeter (World Precision Instruments). Survival of cells in hypoxic conditions required for H. pylori was confirmed by LIVE/DEAD assay (Invitrogen; see Confocal microscopy), by resistance measurements over several days, and by direct comparison with cells grown under standard tissue culture conditions.
Measurement of TEER. TEER was measured using an EndOhm chamber that accommodates the Transwell inserts and a voltohmmeter (World Precision Instruments). Cells were used 1 wk after reaching confluence, and resistance was measured prior to starting experiments to ensure consistency and cell viability. Cells were washed with medium without antibiotics, and some wells were infected with H. pylori wild-type or ⌬ureB at multiplicity of infection Ͼ100:1 to ensure adherence. After 14 h, nonadherent bacteria were washed off, and appropriate medium (50:50 DMEM-Ham's F-12 medium, no antibiotics) was added to the apical chamber. Medium pH was adjusted with HCl to the desired pH and then filter-sterilized. Urea (5 mM) was added to the basolateral side to mimic physiological exposure of H. pylori to urea from the blood. EndOhm chambers were placed in the microaerobic incubator with cords accessible from the outside, so the incubator door was not opened during the experiments. TEER was measured every 15 min for 2 h. Apical and basolateral pH levels were measured at the conclusion of the experiment. Time course was expanded in some experiments to determine limits of experimental effect under the conditions studied. For some experiments, apical pH of 2.5-4.5 was used. For experiments with bacteria, pH 4.5 was chosen, because at this pH, the bacteria are displaying their acid acclimation responses (57, 71) and regulation of acid acclimation genes is seen (45, 58, 72) . Apical pH was fixed at 4.5 for some experiments with bacteria using 50 mM Homo-PIPES (Fluka). Control experiments in the absence of bacteria included incubation with basolateral acidity, incubation in a standard tissue culture incubator, and replacement of neutral pH in the apical chamber with monitoring for viability and maintenance of TEER from several hours to several days.
Measurement of paracellular permeability. Paracellular permeability was measured as previously described (67, 69) . HGE-20 cell monolayers grown for 1 wk after becoming confluent on Transwell porous inserts were incubated in varying apical conditions, pH 4.5 or 7.4 and with or without wild-type or ⌬ureB H. pylori. Addition of bacteria was completed as stated above (see Measurement of TEER). Urea (5 mM) was added to the basolateral side. The fluorescent membrane-impermeable dye 2,7-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) free acid (10 M) was added to the lower chamber. For determination of dye accumulation in the upper chamber, 50-l aliquots were diluted in 3 ml of PBS, pH 7.2, and fluorescence intensity was measured in a fluorometer (Fluorolog) every 15 min for 2 h. Accumulation of BCECF free acid in the upper chamber reflects paracellular flux of the dye through the monolayer, because this dye is membrane-impermeable and, therefore, can penetrate the monolayer only between the cells. The fluorescence intensity in the upper chamber was plotted vs. incubation time. Values are means Ϯ SE, and statistical significance was determined by t-test.
Confocal microscopy. Confocal microscopic images were obtaining using a Zeiss LSM 510 laser scanning confocal microscope and LSM 510 software. At the conclusion of the TEER experiments, cell viability was confirmed using the eukaryotic BacLight LIVE/DEAD kit (Invitrogen), where live cells fluoresce in the green spectrum and dead cells in the red spectrum. For study of localization of bacteria, cells were incubated with GFP-expressing H. pylori or E. coli and nonadherent bacteria were removed by washing. Acidic or neutral medium without antibiotics was added to the apical chamber (neutral only for E. coli experiments), and 5 mM urea was added to the basolateral chamber. Cells were stained with 3,3=-dipropylthiadicarbocyanine iodide [DiSC3 (5)] for visibility. Localization of fluorescent bacteria was determined using confocal microscopy.
Measurement of cytokine release. HGE-20 cell monolayers grown for 1 wk after becoming confluent on Transwell porous inserts were incubated in varying apical conditions, pH 4.5 or 7.4 and with or without wild-type or ⌬ureB H. pylori strains. Bacteria were added to the monolayers as described above (see Measurement of TEER). Urea (5 mM) was added to the basolateral side. After 2 h of incubation in microaerobic conditions, the apical and basolateral media were collected and frozen. IL-6 and IL-8 release in the culture supernates was measured by ELISA (Aushon, Billerica, MA). Data (means Ϯ SE) are expressed as pg/ml, and difference between groups was evaluated by t-test.
RESULTS
HGE-20 cells form an epithelial layer in culture and tolerate microaerobic conditions. Cells were plated on porous Transwell inserts and maintained in a microaerobic (5% O 2 -10% CO 2 -85% N 2 ) environment from the time of passage. Control cells were maintained concurrently under standard tissue culture conditions (5% CO 2 -95% O 2 ). Once cells were visibly confluent, resistance was checked daily. Resistance of an empty well was 1-2 ⍀ and was insignificant compared with final values. There was no difference in peak resistance between the two incubators. The resistance peaked by day 5 and remained consistent at 200 -250 ⍀ (ϫ 4.52 cm 2 ϭ 900 -1,100 ohm·cm 2 ; Fig. 1 ), demonstrating that this cell line is able to form a monolayer with tight junctions. Cells were incubated in apical pH 4.5 medium for 2 h under microaerobic conditions and then stained with a eukaryotic LIVE/DEAD kit and examined by confocal microscopy. The cells were mainly alive at the conclusion of the incubation (data not shown), indicating that this culture system is appropriate for the experiments to follow.
TEER increases with apical acidity. Apical pH 4 or 4.5 medium was added to HGE-20 cells plated on porous inserts, and resistance was measured every 15 min. In apical pH 7.4 medium, the resistance was unchanged over time. With apical acidity, the resistance quickly increased over the initial time points, with a peak and stabilization at 45-75 min. The elevation in resistance was stable throughout the 2-h time course of the experiments and, when monitored over an extended duration, was maintained for ϳ4 h, then gradually decayed. The pH gradient between apical and basolateral sides was maintained over 2 h. At the conclusion of some experiments, pH 4 or 4.5 apical medium was replaced with pH 7.4 medium, and TEER was measured over time. Resistance was stable at baseline levels typically seen at pH 7.4 after 7 h and remained stable over 5 days, indicating that exposure to apical acidity was not lethal to the cells (Fig. 2A, 5 -day data point not shown).
Experiments were repeated using a pH range of 2.5-4.5 in 0.5-unit increments compared with pH 7.4. The cell layer exhibited maximal TEER at pH 4, consistent with approximations of gastric surface pH (6, 58) . TEER was stable at pH 3.5, decreased slightly at pH 3, and dropped noticeably at pH 2.5 over the 2-h time course (Fig. 2B) . The pH gradient was maintained at 2 h, even at pH 2.5. Resistance dropped when cells were exposed to basolateral acidity, consistent with the idea that polarized cell junctions protect against acidity (Fig. 2C) .
Coculture with H. pylori diminishes magnitude of acidinduced increase in TEER.
It was previously documented that, at neutral pH, gastric cells in prolonged coculture with H. pylori have a decreased TEER (73) . Similar results were seen in the HGE-20 cell line after coculture with H. pylori for 14 h, as shown at time 0 in Fig. 3 . Once attachment of bacteria was ensured, nonadherent organisms were removed and the pH 7.4 apical medium was replaced with pH 4.5 medium; pH 4.5 was chosen, since significant changes in acid acclimation genes of H. pylori are seen at this pH (58, 72) . Urea (5 mM) was present in the basolateral chamber for all experiments to mimic physiological conditions. At pH 4.5, with urea present, in microaerobic conditions, it is well documented that H. pylori are able to survive (41, 46) . The bacteria were still mainly intact bacilli when viewed by confocal microscopy in the LIVE/ DEAD experiments described above. Given the doubling time of 6 h, growth of the bacteria was not expected in the time frame of these experiments. In the presence of wild-type H. pylori, the ability of the cell layer to tighten in response to apical acidity was diminished (Fig. 3) . This suggests interference with the mechanism underlying the acid-induced increase in TEER by the bacteria. The TEER response for the ⌬ureB strain with apical acidity was almost identical to the curve with no bacteria, showing that the effect of the bacteria is at least in part urease-dependent. This was further investigated by using strong buffer in the apical medium to ensure no pH change during the course of the experiments.
Effect of H. pylori on TEER is partially urease-dependent. Cells were grown on porous inserts, and H. pylori was added to some wells at neutral pH, 14 h prior to experiments, as described above. Homo-PIPES (50 mM) was added to the apical medium, with final pH 4.5, and TEER was measured with or without H. pylori for 2 h. With strongly buffered apical medium, the resistance curve with bacteria approached that without bacteria (Fig. 4) . Apical and basolateral pH were unchanged in the conditions with or without bacteria. This suggests that local pH change generated by urease activity interferes with the acid-induced tightening of the epithelial layer.
Apical acidity and H. pylori impact paracellular permeability. HGE-20 cells on porous inserts were incubated in pH 4.5 or 7.4 apical medium. The membrane-impermeant fluorescent A: TEER increases with apical acidity. Replacement of apical medium with pH 7.4 medium at the conclusion of experiments carried out in pH 4 medium (at 120 min, arrow) led to maintenance of TEER at the baseline seen in the pH 7.4 graph after 7 h (420 min), indicating that apical acid exposure did not lead to cell death. TEER remained stable at 5 days after the experiment (data not shown). B: HGE-20 cells were exposed to apical acidity (pH 2.5-4.5) for 2 h, and TEER was measured every 15 min. Apical and basolateral pH was recorded at the conclusion of the experiments. The cell layer became tighter, with higher TEER, most significantly at pH 4 and 4.5. C: exposure to basolateral acidity led to dissipation of TEER. Values are means Ϯ SE; n ϭ 3.
dye BCECF free acid was added to the basolateral chamber. Apical fluorescence, reflective of flux of BCECF and paracellular permeability, decreased in acid compared with neutral pH (Fig. 5 ). This parallels TEER data and also localizes the effect to the cell junction. The presence of H. pylori adherent to the cells, with apical acidity, leads to an increase in permeability, with the curve more closely resembling that at pH 7.4. This effect appears to be partially urease-dependent (Fig. 5) .
H. pylori clusters at HGE-20 cell junctions in acid. E. colior H. pylori-expressing GFP was cocultured with confluent monolayers of HGE-20 cells and then examined using confocal microscopy, with HGE-20 cells counterstained with DiSC 3 (5).
For experiments with H. pylori, images were obtained after incubation with apical acidity and basolateral urea. E. coli were randomly distributed, while H. pylori were seen predominantly at cell junctions (data not shown). This was confirmed by images taken in the z direction. There was no clear difference in distribution of H. pylori at acidic or neutral pH, but the bacteria were already attached when acid exposure was initiated. This suggests that H. pylori is able to attain a survival advantage at the cell junction that is not relevant for E. coli, which are able to transit the stomach using an acid-tolerance response but are not able to colonize (10, 40, 49) . Since urea moves paracellularly from the blood into the gastric lumen (48) , easy access to the urea required for H. pylori survival in acid likely plays a role. Qualitatively similar results were seen with the ATCC 43504 strain, as observed in the LIVE/DEAD experiments described above, but since imaging was more accurate with the GFP-expressing strain, especially compared with E. coli, this strain was used for the above experiments.
IL-8 release from HGE-20 cells is impacted by apical acidity and H. pylori. IL-8 release was measured in culture supernates
by ELISA after 2 h of incubation in pH 4.5 or 7.4 medium with or without adherent H. pylori. As has been well documented previously in other model systems (17) , IL-8 release increases significantly in this cell line in the presence of H. pylori at neutral pH. There was also a significant increase from baseline with apical acidity when H. pylori was present. IL-8 release was lower with apical acidity in the presence and absence of H. pylori. For all comparisons, P Ͻ 0.01 (Fig. 6A) . Apical and basolateral supernates showed similar levels of IL-8 for all conditions; apical data are shown due to a larger number of replicates. This effect was independent of urease activity. The attenuated increase in inflammatory response in the presence of acidity may aid in immune evasion. Fig. 4 . Effect of H. pylori on epithelial tightening is minimal in the presence of strong buffer. Cells were incubated with H. pylori for 14 h at MOI Ͼ100:1 and washed; then medium at pH 4.5 with 50 mM Homo-PIPES was added to the apical chamber and 5 mM urea was added to the basolateral chamber. Control experiments were done without bacteria. As expected, the baseline was lower after incubation with H. pylori. Over the 2-h time course, H. pylori did not impact tightening of the cell layer, suggesting that the effect is dependent on local pH change. Values are means Ϯ SE; n ϭ 3. 2,7-Bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) free acid and urea were added to the basolateral chamber, and acidic or neutral pH medium was added to the apical chamber. Aliquots were removed from the apical chamber every 15 min, and fluorescence was measured. Permeability was decreased at acidic pH, localizing the acid-induced change to the cell junction. The presence of H. pylori interfered with the acid-induced decrease in permeability, and this change was, at least in part, urease-dependent. Values are means Ϯ SE; n ϭ 6 -9 replicates. *P Ͻ 0.01, pH 4.5 with H. pylori vs. pH 4.5 without H. pylori at 120 min (by t-test).
IL-6 release from HGE-20 cells is impacted by apical acidity
and H. pylori. IL-6 release was measured in culture supernates by ELISA after 2 h of incubation in pH 4.5 or 7.4 medium with or without adherent H. pylori. Baseline IL-6 release was higher in acidic medium (P Ͻ 0.02). IL-6 release at neutral pH was higher in the presence of H. pylori (P Ͻ 0.01) but lower with apical acidity and H. pylori than with apical acidity alone (P Ͻ 0.01; Fig. 6B ). This suggests that gastric acidity plays a role in the immune response to H. pylori infection.
DISCUSSION
HGE-20 cells provide a viable, uniform, and gastric-specific in vitro model system that forms a true epithelium in culture. This model system has allowed for study of the reaction of the gastric epithelium to physiological acidity and the role of H. pylori in potentially interfering with this response. The HGE-20 cell layer becomes tighter in response to apical acidity, most significantly at pH 4 -4.5, an effect that can be localized to the cell junction due to parallel effects on TEER and paracellular permeability. The apical junctional complex regulates cell-cell contact, polarity, and paracellular permeability (28) . Breakdown of integrity of epithelial cell contacts is an early event in ulcer formation. The apical junctional complex, located on the apical-lateral margin of epithelial cells, provides barrier function and defines epithelial cell polarity (23) . The adherens junction initiates and maintains cell-cell contacts (27, 28) . The tight junction segregates apical and basolateral membrane proteins and regulates paracellular permeability (28) . The adherens and tight junctions have integral membrane proteins and associated cytoplasmic proteins that link membrane proteins to the cytoskeleton and trigger various signaling pathways. It follows that changes in this region could allow proton infiltration and contribute to ulcer disease. Defense mechanisms against acid in this study are still viable at least to pH 2.5, as evidenced by maintenance of the pH barrier in the short term, suggesting that the cell layer can survive temporary excursions of pH below 4 -4.5, as would be expected over the course of a 24-h period in the stomach. Apical acid is not toxic to the cell layer, as evidenced by the postexperiment survival of the cells and maintenance of TEER at baseline up to 5 days after replacement of the apical medium with neutral pH. In contrast, TEER dissipated with exposure to basolateral acidity, consistent with cell polarity, basolateral intolerance to acidic pH, and the separation of the apical and basolateral chambers by cell junctions.
The most common cause of gastric ulceration is infection by H. pylori (65) . The data presented here suggest that H. pylori adherence in the region of the cell junction could interfere with mucosal defenses against acidity and allow epithelial breakdown. As movement of urea into the gastric lumen is via the paracellular route (48) , attachment of the bacteria at the cell junction would allow the most efficient access to urea. The bacteria are able to traffic acid acclimation proteins to the inner membrane to increase efficiency of periplasmic alkalization (43, 59) , so adaptation at the site of colonization to further facilitate this response fits with the model of gastric colonization. Once situated at the site of contact between cells, H. pylori is in an ideal position to compromise epithelial integrity. If the bacteria are able to limit the ability of the epithelial layer to withstand acidity, presumably at least in part by interfering with acid-induced tightening of the cell junctions, as suggested here, then acid-related damage to underlying tissues and ulceration will follow. An in vitro model system cannot perfectly mimic the in vivo environment. This study was limited by the use of a smallvolume, closed system. For this reason, time of acid exposure was relatively brief, with experiments done over 2 h, and infection had to be established at neutral pH. In the stomach, there is a constant pH flux, within a tight range, depending on time of day and time from meals (66) . Any metabolic waste products generated will be flushed out by bulk fluid flow. However, this system, within the time course of the experiments, does approximate physiological conditions to the closest degree possible, in a manner that has not previously been reported, and provides a framework for study of H. pylori pathogenesis and virulence and gastric epithelial response to acid. Multiple bacterial factors play a role in interfering with barrier function. The well-studied virulence factor CagA, when injected into epithelial cells via a type IV secretion system, interferes with the junctional proteins ZO-1 and junctional adhesion molecule, altering structure and function of the cell junction in a Madin-Darby canine kidney cell model at neutral pH (1). Purified VacA or vaculating toxin preincubated at acidic pH before application to nongastric cell monolayers decreased TEER and increased paracellular permeability, while non-acid-activated protein had a significantly attenuated effect (50) . In these studies, barrier function was modulated but not lost, as a baseline TEER was consistently maintained in all experiments across several different cell lines. Studies done on gastric cells at neutral pH had a decreased TEER in coculture with H. pylori, which was unaffected by knockout of cagA or vacA but was attenuated by knockout of ureB or incubation with NH 4 Cl, functionally equivalent to the pH elevation generated by urease activity in a closed system (73) . Urease activity should be minimal at neutral pH, with the urea channel UreI closed, limiting access of urea to intrabacterial urease, and in the absence of physiological urea concentrations (57) . Local pH elevation in the region of the tight junction may lead to decreased epithelial integrity (TEER), as seen at pH 7.4 in our in vitro studies, or the products of urea hydrolysis may have a direct effect on the junction. The present study has confirmed that the effect of H. pylori on cell junctions at acidic pH, as measured by TEER and paracellular permeability, is, at least in part, urease-dependent. The urease dependence of this response and its disappearance in the presence of strongly buffered acidic medium suggest that local pH in the region of the junction is important in infection-induced epithelial damage. Urease activity by H. pylori does not raise the pH of the bulk gastric juice or the bulk epithelial surface pH, but local changes in the microenvironment where bacteria are attached at the cell junctions are possible (3). Local pH increase at the tight junction prevents the tightening response, allowing the bulk luminal and surface acidity to cause submucosal damage. In further support of this mechanism, recent work on Cryptococcus neoformans revealed that urease activity plays a role in disruption of the blood-brain barrier, leading to invasive disease (62) . Multiple additional virulence factors are likely to be involved, with progression to advanced gastric disease, especially those genes upregulated in a gerbil infection model and in physiological acidity (58) , and induced changes in inflammatory response must also be considered.
Many cell-specific factors likely also play a role in maintenance of barrier function in acid. The alterations to the cell junctions in response to acid are too rapid to occur at the level of gene expression, so protein composition, trafficking, or signaling changes are likely involved. Tightening of an epithelial barrier is an established reaction to physiological stress encountered by a variety of different cell types. For example, airway epithelial cells tighten in response to shear stress, which is important for normal respiratory function and protection of underlying tissue from the external environment (61) . The mechanism for this tightening has been localized to the cell junction and interactions between septin-2 and actin (61) . Dispersed canine oxyntic mucosa reformed monolayers and increased barrier function in response to apical acidity (12, 13) . The results reported here with the HGE-20 cell line parallel the results of the reconstituted primary cell model, suggesting that cells normally exposed to changes in acidity are able to adjust to their physiological stressor. This work confirms that this response is dependent on functional tight junctions and is apical-specific and that the system can be overwhelmed beyond a certain level of stress in the absence of bulk fluid flow. The gastric pathogen H. pylori appears to interfere with this protective mechanism, providing insight into ulcer development. Nongastric epithelia, such as in the esophagus, are not normally exposed to acid and have impaired barrier function in response to decreased pH (24) , underscoring the specificity of adaptation of different epithelial cell types to their natural environment.
Physiological acidity is relevant in the modulation of inflammation. Signaling cascades can differ when exposed to acidic pH, as has been shown with NF-B activation (7) . IL-8 release has been studied in AGS cells, which do not form a true epithelium, in the presence of mild acidity (pH 5-6.8). Despite the physiological limitations of this work, IL-8 release increased in response to mild acidity with H. pylori infection (but not to mild acidity alone), and activated signaling pathways that were pH-dependent or -independent were identified (14) . These findings underscore the importance of delineating the impact of the unique and harsh gastric environment on H. pylori pathogenesis and immune evasion. In this work, without bacteria present, epithelial IL-6 release is increased at acidic pH, while IL-8 release is decreased. Release of both cytokines is increased in response to H. pylori infection, with a diminished inflammatory response at acidic pH compared with neutral pH. The differential response to acid reflects the disparate roles of the two cytokines in signaling. IL-6 is pleiotropic, with a range of different functions (35) . One role is resistance to apoptosis, which promotes cell viability (74) and could explain increased release from the epithelium in response to acid. IL-6 also stimulates the T cell response (35) , a function more likely to be invoked in the presence of a pathogen. IL-8 is a chemokine with a specific role in neutrophil chemotaxis (55) , and the trend, although not the magnitude, of the response to acid is the same with or without bacteria. In the presence of bacteria, there is an increase in release of IL-6 and IL-8, but the increase is significantly less at acidic pH. If there is a diminished epithelial inflammatory response to H. pylori at acidic pH, this could in part explain why it is so difficult for the immune system to clear the infection. Clinically, acid suppression changes the pattern of H. pylori-associated gastritis from a predominantly antral to a fundic gastritis (38) , which supports the concept that the bacteria are adapted to live in a specific niche (58) . With the focus of inflammation shifted from the antrum to the corpus, the risk for duodenal ulcer decreases and the risk for cancer increases (18, 20) . Gastric epithelial cells are able to adapt to the primary physiological stressor in their environment, acidic pH, and H. pylori infection interferes with this adaptive mechanism, providing insight into the pathogenesis of advanced infection-associated disease.
